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The following additional text has been added to the body of the paper The primary difference between ground and air-source heat pumps can be attributed to the external source. GSHPs offer relatively constant operating parameter for short term measurements insuring a smaller temperature difference between the condenser and evaporator when compared to ASHPs [8] . In a study by Liu and Hong [9] an air source heat pump with variable compressor control was compared to a GSHP with on/off control. The GSHP was shown to be more efficient than the ASHP especially at high heating loads, but less so at part loads.Chen [13] and Guo and Nutter [14] also studied optimal zone set-point temperatures for heating and cooling to improve system performance.
The Editor of Energy and Buildings asked that that the colour of the diagrams be evaluated so that the paper can be easily understood in the B&W print version.
The diagrams have amended so they are more easily understood in B&W.
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Response to Reviewer #1 KEY BLACK: Reviewer Comment RED: Author response BLUE: Paper modification Reviewer #1: The general scientific level of the paper is good to very good. The paper deals with an actual problem focusing on energy optimisation practical issues on a basis of an experimental and numerical approach.
Recommendations
A comment should be given on how the energy efficiency of the building could have impact on the obtained results.
A comment is included in the conclusions on this issue (given below). The authors acknowledge that many factors will influence the heat pump performance including, heat pump selection (and the choice of compressor therin), ground loop design, building hydronic loop design and building design and efficiency. However within the constransts of the current paper it has not been possible to consider these issues.
Finally, it should be noted that overall system performance will be influenced by many other factors including heat pump design, ground loop design, building hydronic loop design and building efficiency. However the influence of these issues on overall system performance were not explored in the current paper.
Building heating and cooling loads values are estimated in a very simple manner given that they do not consider solar gains (office are East orientated!) nor energy losses/gains associated to infiltration/ventilation rates. Also, the value of the U is not specified (Eq. 20)! A short section has been added at the end of Section 4.3 that addresses this issue. It is as follows:
The U values utilised in the model for the building external walls and windows were 0.6 W.m -2 K -1 and 5.75 W.m -2 K -1 respectively. By considering all thermal loads to include fabric gains, solar gains, internal gains, infiltration and ventilation loads, a peak design load normalised with respect to floor area, with an external design temperature of 35 o C and internal set-point temperature of 23.5 o C, was determined to be 102 W.m -2 .
The results shown in Figure 9 need to be more explicit in terms of assumptions. For instance, why not show the ambient temperature in free-floating regime in the same graphic? Figure 9 has been modified to indicate the ambient temperature.
To turn out the presentation more explicit, I recommend moving the first paragraph of the introduction next to the last paragraph and reformulate. After the review, the introduction would start with the state of the art and end with an outline of the paper objectives and methods under these circumstances.
This paper examines, for a ground source heat pump (GSHP), how control of building circuit variables affects overall system performance. Building integrated ground source heat pumps usually incorporate two secondary circuits; an indoor hydronic circuit for heating or cooling of a building and an outdoor circuit, which is typically either a horizontal or vertical ground loop heat exchanger. This work focuses on a sensitivity study, considered from a system control perspective and which examines the role of various building circuit variables. The research was carried out by means of a system mathematical model, developed as part of this research, which incorporates a heat pump model, a building secondary loop model and a simple building space model. The various mechanical components (heat pump, circulation pumps and fan coils) were individually modelled and incorporated in an overall system model, which was validated by comparison to system experimental data from an institutional building located in a Mediterranean climate. Variables analysed include building hydronic circuit set-point temperature, building circuit hydronic temperature bandwidth, building space set-point temperature and building space temperature bandwidth.
I also recommend reviewing some other general aspects of the manuscript:
-the nomenclature appears not to include all variables. Although familiar to the target scientific audience, SPF, COP, UA, etc. might need to appear as well...
COP, SPF and UA have been included in the nomenclature
-Vwater in addition of not being included in the nomenclature, appears with capital letter in Eqs. 11 to 13, whereas in the remaining (13 and 14) is lowercase letter... V (velocity) has been included in the nomenclatuire and the anomaly corrected.
-the cooling thermal load appears in italic in nomenclature whereas in the body is normal.
This anomaly has been corrected.
-Celsius degrees symbol is ºC and not simply C.
This anomaly has been corrected throughout.
-Mc is described as "water flow rate" in body text (page 4) while in nomenclature M is used for describing "mass". Mc is in fact a mass flow rate such as defined right above the M symbol in nomenclature and by Vce and Vci elsewhere in the text. 
Introduction
Research concerning control issues related to vapour compression systems has largely focused on refrigeration and air-conditioning and to a lesser extent on heat pumps. Considering refrigeration and air-conditioning systems, reported research has examined various capacity regulation techniques including compressor modulation by speed control, on/off cycling, as well as modulation using tandem compressors [1, 2, 3] . Control related research has focused on optimisation of evaporator and expansion valve operation through superheat control and regulation [4, 5] . Other capacity control techniques such as clearance volume control, suction pressure control, cylinder unloading, back-pressure and discharge gas bypass regulation, although reported in the literature, appear to have been less commonly deployed in commercial systems [6, 7] . The primary difference between ground and air-source heat pumps can be attributed to the external source. GSHPs offer relatively constant operating parameter for short term measurements insuring a smaller temperature difference between the condenser and evaporator when compared to ASHPs [8] . In a study by Liu and Hong [9] an air source heat pump with variable compressor control was compared to a GSHP with on/off control. The GSHP was shown to be more efficient than the ASHP especially at high heating loads, but less so at part loads.
Research to date on control of ground source heat pumps has focussed on capacity control issues and to a lesser extent on control of secondary side working fluids. The most common type of capacity control currently deployed in commercial ground source heat pumps appears to be on/off compressor cycling [2] . Karlsson and Fahlen [10] compared on/off compressor control with variable speed control for a brine-towater heat pump. They noted that the main benefit of using a variable speed compressor was a reduction in the need for supplementary heating. In another study, Karlsson and Fahlen reported that heat pumps are generally sized to match 60% of the heating load [11] . Control was achieved using either on/off cycling, when operating at part load conditions, or by supplemental heating when demand exceeds the heat pump capacity. Karlsson and Fahlen examined intermittent control and variable-speed capacity control by comparing the performance of two capacity-controlled heat pumps and one standard heat pump with a single-speed compressor. Test data was then used for seasonal performance factor (SPF) calculations. The SPF calculations indicated that despite improved performance at part load, the variable-speed controlled heat pump did not necessarily improve the annual efficiency compared with the intermittently operated heat pump. Zhao et al. [12] examined the use of variable speed compressors in small scale geothermal heat pumps. COP was observed to increase as the heat sink temperature decreased, at a constant compressor frequency. For sink temperatures of 30ºC and 35ºC, an increasing trend of COP with decreasing frequency was observed. Lower frequencies reduced the refrigerant flow rate in the evaporator and condenser, which allowed more time for the refrigerant to exchange heat with the secondary fluid. This reduced the associated mean temperature differences between the refrigerant and the secondary fluids in each heat exchanger. The difference between the saturation temperatures (and pressures) of the evaporator and condenser were therefore reduced. Chen [13] and Guo and Nutter [14] also studied optimal zone set-point temperatures for heating and cooling to improve system performance.
Yang et.al. [15] created a mathematical model of an under-floor heat pump system. The model was used to assess system performance with different controllers, namely; P, PID and PID with pre-filtering of inputs, and relay (on/off control) for controlling the heat pump capacity. The use of a PID pre-filtering controller with a variable speed compressor was predicted to reduce power consumption, when compared to the relay type control. This model does not appear to take into account the inefficiencies inherent in variable speed compressors, such as the inverter and motor efficiency at part load.
System Description
The GSHP system utilised in this research is located in an institutional building at the Universidad Politécnica de Valencia, Valencia, Spain. The overall heat pump system consists of a heat pump, an indoor circuit and an outdoor circuit as shown in Fig. 1 (a).
Ground Source Heat Pump
The heat pump, a prototype unit, is a water-to-water reversible GSHP, which uses propane (R290) as its primary refrigerant. The nominal heating and cooling capacities are 18 kW (45ºC return /16ºC return) and 14 kW (30ºC return/12ºC return) respectively. The outdoor loop consists of a ground source heat exchanger (GSHX), which is coupled to the heat pump by an external hydronic loop. The GSHX itself consists of six vertical boreholes connected in a balanced parallel configuration. Each borehole has a depth of 50 m and contains a single polyethylene U tube of 25 mm diameter bore, with a 70 mm separation between the upward and downward tubes. The borehole overall diameter is 150 mm. The six boreholes are arranged in a 2x3 rectangular grid (18 m 2 ), with a 3 m separation between boreholes.
Building Description
The building (see Fig. 1(b) ) which is heated and cooled, comprises approximately 250 m 2 floor area and includes a corridor, nine offices (located on the east façade of the building), a computer room and a service room with office equipment and other internal loads. The building loop consists of a series of 12 parallel connected fan coils, an internal hydronic loop and a water storage tank (160 L). Each office, along with the service room, is equipped with one fan coil, except for the computer room which has two installed fan coils. The corridor does not have a fan coil unit present. Each fan coil can be individually regulated by means of a thermostat and comfort temperature and fan speed can be selected by the user. The control for each fan coil is governed by a three way valve that allows the heating/cooling water to be modulated through the fan coil. The valve is controlled by the thermostat of the room. 
System Control Components
The operation of the heat pump is governed by an electronic controller which, depending on the building water return temperature, switches on/off the heat pump compressor. The default values for the building circuit return temperatures are between 37ºC and 43ºC for heating mode and 12ºC and 15ºC for cooling mode. The ground circulation pump is controlled by the heat pump controller, which activates the external pump 60 seconds before compressor activation. When the compressor switches off, the external pump continues to operate for a further period of one minute. A timer controls overall system operation, which was programmed to operate between 0700 and 2100 hours, 5 days per week. Finally, in order to vary the fan coil and GSHX water flow rates, two frequency inverters were installed, one for each circulation pump.
Instrumentation and Data Acquisition System
Pt100 RTD devices are used to measure the inlet and return temperature for each hydronic circuit. The mass flow rate for each circuit is measured by means of a coriolis meter. The power consumption associated with the compressor and external pump, the internal pump and fan coils are measured by two separate power meters. The data acquisition system is programmed, such that the power consumption of each individual component, i.e., the internal circulation pump, the external circulation pump, the fan coils and the heat pump compressor unit, can be calculated from the data collected by the two power consumption meters. Climatic data is collected using a meteorological station located on the building roof such that air temperature, air humidity, wind speed and solar irradiation are recorded every five minutes. The data acquisition system has been in operation for a period in excess of 24 months prior to the current work [16] .
Methodology
A system level mathematical model was developed from the GSHP heat pump system using Engineering Equation Solver (EES) [17] . The vapour compression software package IMST-ART was used to model the behaviour of the GSHP as a standalone system [18] . In order to do this, parametric data associated with the compressor, condenser, expansion valve and evaporator was utilised within IMST-ART to model the performance of the heat pump. The IMST-ART model of the heat pump was validated using experimental data. Sensitivity studies using the validated IMST-ART heat pump model facilitated the production of system performance maps of heat pump capacity and compressor power consumption as a function of building and ground water return temperatures for different mass flow rates. These heat pump performance maps were correlated using polynomial equation fits, which were incorporated within the EES system mathematical model, along with separate pump and fan coil performance maps, which were also integrated into the EES model. The overall system model was then validated against data from the full UPV GSHP system. The validated model is used to examine system capacity and performance sensitivity with different control strategies, including set-point control of room air temperature, room air temperature bandwidth, building loop return water temperature and building loop return temperature bandwidth.
System Mathematical Model
Heat Pump Model: IMST-ART Model and Experimental Validation
The IMST-ART heat pump model incorporates the key elements of the vapour compression circuit including the evaporator, condenser, compressor, expansion valve and connecting pipe work. Using IMST-ART, the heat pump model was constructed on a component by component basis, thereby allowing validation between the IMST-ART predictions and experimental test data, as shown in Fig. (2) . By constraining condenser and evaporator water inlet temperatures to be 10.8ºC and 22ºC respectively and considering three condenser water mass flow rates (2000, 2300 and 2600 kg.h -1 ) in conjunction with five evaporator water mass flow rates (2000, 2300, 2600, 3100 and 4200 kg.h -1 ), five data points were obtained for each condenser mass flow rate condition. Comparison between the experimental results and IMST-ART predictions for these mass flow rate permutations show that cooling capacity and COP of the heat pump were within a ±2.5% error band [19] . Elsewhere, other more general validation studies of IMST-ART demonstrated maximum error bands of less than ±4% for a wider range of operating conditions where other heat pump systems were modelled [20] . 
IMST ART Performance Maps and Correlations
Using the IMST-ART software package, a performance map describing the sensitivity of heat pump capacity and power consumption subject to variation in external and internal water mass flow rates (V CE ,V CI ) and external and internal water return temperatures (T RCE ,T RCI ) was made. This was carried out for five different pump speeds (20, 
where the water mass flow rates (V CI , V CE ) are expressed in kg.s -1 , the water return temperatures are expressed in degrees Kelvin (K), the heat transfer capacities and the power consumption are in Watts (W). Polynomial correlations, given by Eqs. (4) to (9) , were obtained by means of a quadratic regression curve fitting to the data with regression values R 2 equal to or better than 0.998.
Cooling Mode Correlations
In order to optimise Eqs. (4) to (9) , it was considered to be probable that a relationship would exist between heat exchanger capacity, heat exchanger water mass flow rate and water return temperatures. Several linear and quadratic terms for the water mass flow rates of the internal and external circuits (V CI , V CE ) were considered to account for this relationship. In order to include the effect of water return temperature, it was first necessary to distinguish between cooling and heating modes. In cooling mode the evaporator is coupled to the building circuit and the condenser to the ground loop, whereas in heating mode the evaporator is coupled to the ground loop and the condenser to the building. To account for this, linear and quadratic terms for the water return temperature from the building circuit were added to correlate the evaporator capacity in Eqs. (4) and (8) . Similar terms were included in Eqs. (5) and (7), in order to determine the condenser capacity based on the water return temperature of the external circuit. As the compressor power input is affected by both the external and internal water return temperatures, both linear and quadratic terms were utilised in Eqs. (6) and (9) . Second, the ratio between the water return temperature for the external and internal circuits was incorporated in order to correlate the evaporator and condenser capacities (T RCE /T RCI ). Taking into account, that in cooling mode, the condensation temperature is influenced by the external circuit water temperature and the evaporation temperature is influenced by the building return water temperature, this term was also coupled to the pressure ratio. Similarly for heating mode, the ratio would correspond to the water return temperature for the internal and external circuit (T RCI /T RCE ). Third, a further cross term (V CI *T RCI ) was considered in Eqs. (4) and (5), to account for the effect on evaporator and condenser capacities varying in the internal circuit due to changes in water mass flow rate and the water return temperature. Finally, another cross term was incorporated into the power input correlations (Eqs. (6) and (9)), which accounts for the influence of the water mass flow rate in the condenser (V CI for heating mode and V CE for cooling mode) and the water return temperature in the evaporator (T RCE for heating mode and T RCI for cooling mode).
A comparison between experimental results and predictions was carried out for a typical day, both for cooling and heating. For cooling mode, Fig. 3 to 5 show the comparison between experimental results and correlated predictions using Eqs. (4) to (6) for a 10 hour period. As can be observed on the right hand axes of Fig. 3 to 5, experimental measurements for cooling capacity and power input are predicted by the polynomial correlations with a maximum mean deviation better than 5% for cooling capacity and 2.4% for power input. However, a maximum mean deviation of approximately 13.8% was observed for heating mode. The maximum deviations were observed at start-up, most likely due to transient conditions. These deviations were corrected in the model. 
GSHP System Simulation Model
A system mathematical model of the overall GSHP unit, as outlined in Fig. 1(a) , was developed using Engineering Equation Solver [17] . This model incorporated each of the system components including: fan coils, circulation pumps, hydronic pipe network, storage tank, building conditioned space, as well as the heat pump performance maps as described by Eqs. (4) to (9) . Each of these sub-systems is discussed further in the following sections.
Fan Coils: Experimental characterisation of the fan coil units was carried out to allow performance maps to be established for the fan coil UA value (dependent variable) as a function of the air volumetric flow rate and the water mass flow rate (independent variables). The internal circulation pump frequency was varied from 20 to 60 Hz (in 10Hz increments), in conjunction with the three fan speed settings (V1, V2 and V3), and the experimental UA value noted. For each fan speed, the value of the air flow rate was based on data supplied from the manufacturer (290 m 3 /h, 440 m 3 /h, 590 m 3 /h). Fig. 6 shows the correlated UA values as a function of water mass flow rate for one fan speed (V1), and the associated UA correlation. Similar correlations were established for the other two fans speeds (V2 and V3). Circulation Pumps (Internal and External): The water flow rate for each circuit is dependent on the pump and system characteristics. Calculation of the mass flow rates for each pump was based on fitting empirical polynomial correlations to the experimental data. Fig. 7 shows the relationship between the measured water mass flow rate (dependent variable) and the internal pump frequency (independent variable). A similar approach was used to map the performance of the external pump. The pump inverter efficiency was experimentally characterised and the following correlation was determined for inverter efficiency as a function of pump frequency:
Inverter efficiency = [-0.0261(F REQ ) 2 + 2.335(F REQ ) + 43.765] / 100 (10)
Fig. 7. Circulation pump correlation (Internal Pump)
Hydronic Pipe Network: The internal hydronic circuit connects the heat pump refrigeration circuit with the building fan coil units. The network is modelled using the Lax-Wendroff model for 2D conduction transport [21] . The flow in the pipes is governed by the transport equation which can be written as follows:
As the network is assumed to have negligible losses to the ambient, Eq. (11) can be simplified as follows:
Eq. (12) is a hyperbolic partial differential equation and it is solved using the Lax & Wendroff explicit discretisation approximation. This is governed by the Courant-Friedrichs-Lewy (CFL) condition, which is subject to the following constraint:
The CFL condition implies that for a given velocity of the water circulating in the pipes, the time step is controlled by the distance between the two consecutive nodes considered. The discretised version of Eq. (12) is re-written as follows: 
Solving (14) gives an explicit solution for each network node N, as follows: 
where int ernalgains Q is the thermal load associated with the presence of people, computers and any other internal loads. For this study, an average load of 200W was empirically determined for each space and an occupancy level of 50% was assumed.
Model Validation
Validation of the system model was undertaken by comparing model predictions and experimental data taken from the UPV GSHP installation. Fig. 8 8 shows the evolution of the inlet and outlet temperatures for the internal circuit and the space temperature for one office in the building. In order to analyse system performance, critical points have been identified (Points 1 to 7) in Fig. 8 . The heat pump can be observed to switch off, when the return temperature reaches the lower set-point of 8.8ºC (Point 1). A delay of approximately one minute can be observed until equalisation of the supply and return temperatures occurs, which is attributed to the thermal inertia of the evaporator. Once the heat pump has been switched off, the supply temperature increases until point 2, and the return temperature continues to decrease due continued circulation of the remaining 6ºC chilled supply water until it reaches point 3. At point 3, as the heat pump is switched off, the building cooling load results in a gradual increase in the building return temperature. A thermal time-lag, attributed to the hydronic loop inertia, can be observed between points 2 and 3. At point 4, as the return temperature reaches its upper set-point of 12ºC, the heat pump switches on and the supply temperature drops until it reaches a quasi-steady temperature of 8.8ºC at point 5. The return temperature continues to increase due to space cooling load, until the chilled water once more reaches the fan coils, with an associated time lag of approximately 3 minutes evident between points 4 and 6. This delay is produced by the thermal inertia of the internal hydronic circuit. Once chilled water reaches the fan coils, as the building load is less than heat pump capacity, the return water temperature decreases until it reaches 8.8ºC at point 7, where the heat pump switches off and cycle recommences.
Space temperature is also shown in Fig. 8 for one of the building offices. A space temperature set-point of 23.5ºC was used, which is selectable by the user. Space air temperature, which varies according to the fan coil operation, is governed by a 3-way valve, that either circulates the chilled water through the fan coil or past it by means of the valve bypass action. This valve is controlled by the room thermostat, such that if the space temperature is 24ºC, the 3-way valve circulates the chilled water through the fan coil, such that the space temperature decreases until it reaches 23ºC. At this point, the chilled water will be diverted to the return circuit via the bypass. During the phase, as fan cooling action ceases, the space temperature increases until it reaches to 24ºC and the cycle starts again. After an initial pull down period, quasi-steady behaviour is observed to occur, with an increase in heat pump ON cycle time, observable between 12:00 and 18:00 hours, reflecting increased cooling demand during the afternoon period. Fig. 9 . Daily temperature profilesystem mathematical model Fig. 10 shows the experimental measurements obtained for the 29 th of July, 2009. It can be observed that the simulation results for the return and supply water temperatures are very similar to experimental data. The space temperature, however, presents a different evolution. This is attributed to simplifications associated with calculating the thermal load for each building space as discussed in Section 4.3. Moreover, fan speed settings for each fan coil unit have been assumed at a single fixed speed for all spaces.
Fig. 10. Daily temperature profilesystem experimental measurements
In order to characterise overall performance, a number of additional parameters were calculated as follows. The ON/OFF time operation of the heat pump was determined, and is presented as a percentage for the heat pump in either ON and OFF mode, with reference to a 24 hour period (1440 minutes). The seasonal performance factors of the heat pump and the system were also calculated based on a daily analysis, as per Eqs. Table 1 shows the results as determined for the experimental measurements and simulation predictions. It can be observed that the model predictions are very close to experimental data with a maximum absolute deviation of 3.26%. Table 1 System performance parameters: experimental versus simulation results
Sensitivity Study
The sensitivity of GSHP performance subject to control of set-point temperature of the fan coil water return temperature and the space air temperature are examined in this section. In addition the role of bandwidth settings for the fan coil water return temperature and space air temperature are also considered. The sensitivity studies presented here are only for cooling mode, additional data is available for heating mode, but is not considered in this paper.
Sensitivity Study Boundary Conditions
For cooling mode, the following reference boundary conditions were applicable:
 Space set-point temperature 23ºC  Space temperature bandwidth ±1ºC  Fan coil water return temperature 12ºC  Fan coil water return temperature bandwidth ±1ºC  Internal circulation pump frequency 60 Hz  External circulation pump frequency 50 Hz  External ambient temperature corresponding to the July 29 th , 2009
Set-point Control of Water Return Temperature
The effect of set-point control of building water return temperature was examined using the system model. Three water return temperatures, 10ºC, 12ºC and 14ºC were considered. All other system variables were constrained at the boundary conditions described in Section 6.1. Fig. 11 illustrates the effect of different water return setpoint temperatures on return temperature evolution for a typical 200 minute operational period of the system. It can be observed that, as the building water return set-point temperature is increased from 10ºC to 14ºC, the heat pump compressor ON time decreases due to the increased cooling capacity associated with the underlying refrigeration cycle. Analysis shows that capacity increases by approximately 3.6% per degree increase of the building return water temperature. Fig. 12 summarises the heat pump compressor cycle data. As the building water return temperature increases, the compressor ON cycle time percentage is observed to decrease from 42.3% to 37.1%, which is equivalent to 610 minutes and 535 minutes respectively. Therefore the main effect of increasing building water return temperature, is that resulting from increased refrigeration capacity, an increased fan coil capacity is available, resulting in increased space cooling capabilities, leading to a shorter heat pump ON period. Compressor power consumption is observed to decrease from 30.19 kWh to 27.07 kWh, as the building return temperature increases, as does the total system consumption which decreases from 59.38 kWh to 57.34 kWh. Moreover, the daily SPF for the heat pump increases from 4.75 to 5.24. On the other hand, the daily SPF of the system remains almost constant, as the decrease in total power consumption is offset by the decrease in thermal energy supplied to the system. Nevertheless, it is important to point out that variations in the return water temperature would have greater effect on the SPF of the system for milder ambient conditions, which may present a lower building cooling demand and a thus lower fan coil power consumption. Fig. 13 . Energy consumption and daily SPF versus building water return temperatures 6.3 Set-point Control of Space Temperature Space temperature is controlled by an individual thermostat located in each room. Three separate space set-point temperatures (21ºC, 23ºC and 25ºC) were analysed and the simulation predictions are shown in Fig. 14. All other boundary conditions were maintained as outlined in Section 6.1. Space temperature set-point is seen to have a significant influence on heat pump cyclic behaviour. An increase in space set-point temperature will result in a decrease in the building heat gains. At higher space temperatures, due to the higher mean temperature difference between the space and the coil mean water temperature, a larger space to fan coil heat transfer load is possible, and thus the water return temperature is observed to cool faster during the heat pump ON periods, given that the heat pump capacity remains constrained and is therefore unchanged. Thus for higher space set-point temperatures, the building water return temperature reaches the lower set-point temperature more quickly, resulting in a more frequent heat pump cycling associated with higher space temperature setpoints. Fig. 16 gives daily power consumption and SPF of the heat pump and the system. Total system power consumption decreases as T space is increased, which is due to the decreased compressor ON time and its associated power requirement. It can be observed in Fig. 16 , that the daily SPF of the heat pump remains practically constant, whereas SPF of the system decreases as the space setpoint temperature increases from 21ºC to 25ºC. This is because the building cooling load demand decreases at the same rate as heat pump energy consumption but at a greater rate than the total energy consumption. 
Building Water Return Bandwidth
Bandwidth control for building water return temperature was examined for bandwidths of ±0.5ºC, ±1ºC, ±1.5ºC, ±2ºC and the simulation predictions are shown in Fig. 17 . All other variables were maintained at the reference boundary conditions as outlined in Section 6.1. Reference to Table 2 shows that changes in return water bandwidth had a negligible effect on system performance characteristics. The ON time operation of the heat pump can be observed to be not significantly affected by the return temperature bandwidth, so the heat pump energy consumption remains practically the same. In this case, total consumption would only be affected by the fan coils, but it also appears to be not significantly influenced by changes in water return bandwidth, because total consumption of the system is almost constant. Finally, values for the SPF of the system and the heat pump are affected by less than 0.5% by return water temperature bandwidth. This is because thermal energy supplied to the building is constant. Fig. 17 . Building return temperature as a function of return water bandwidth Table 2 System performance parameters as a function of return water bandwidth 6.5 Building Space Temperature Bandwidth The role of space temperature bandwidth control was considered for bandwidths of ±0.5ºC, ±1ºC and ±1.5ºC. Simulation results are given in Fig. 18 and system performance is summarised in Table 3 . For these results, a building space set-point temperature of 23ºC was used, along with the other boundary conditions given in Section 6.1 Examining Fig. 18 , it can be observed that adjusting of the space temperature bandwidth has a modest effect on heat pump cyclic performance, as well as overall system performance. The ON time operation of the heat pump stays practically the same; this is why heat pump energy consumption remains constant. In this case, as total consumption is only affected by the fan coils, it also appears to be insignificantly affected by changes in space bandwidth temperature as total consumption is practically constant. Finally, values for the SPF of the system and the heat pump are slightly affected, less than 1%, by space temperature bandwidth. The dominant factor affecting system power consumption was found to be building space set-point temperature. Space set-point temperature directly affects heat gains to the building and by association the cooling load. Under quasi-steady state conditions, as the set-point temperature increased from 21ºC to 25ºC, the daily system power consumption decreased significantly from 67.54kWh to 48.23kWh. The daily SPF of the heat pump remained practically constant, whereas the daily SPF of the system was decreased from 2.58 to 2.21. Moreover, as T space increases, the rate of heat pump cycling was also noted to decrease as compressor ON time was reduced from 48.85% to 30.05%.
The effect of varying building return water temperature was found to have less influence than space temperature set-point on system power consumption. As building water set-point was increased from 10ºC to 14ºC, compressor power consumption decreased from 30.19kWh to 27.07kWh, while compressor ON time was also observed to decrease from 42.33% to 37.13%. Moreover, the daily SPF for the heat pump improved from 4.75 to 5.24 and the daily SPF of the system increased slightly from 2.41 to 2.47. Therefore, it would appear that higher water return temperatures reduces the ON time operation of the heat pump, and results in an increase of daily heat pump SPF of approximately 5% per each degree increase of the building water return temperature.
Building water return bandwidth was noted to have almost a negligible effect on system and compressor power consumption and compressor ON time was noted to decrease only marginally with increased temperature bandwidth. Daily SPF values for the system and the heat pump were not significantly affected by water return bandwidth. Space temperature bandwidth was also observed to have a negligible effect on compressor and system performance. Finally, it should be noted that overall system performance will be influenced by other factors including: heat pump design, ground loop design, building hydronic loop design and building efficiency. However the influence of these factors on overall system performance were not explored in the current paper.
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